Journal  of  Power : 


;  249  (2014)  311-319 


Contents  lists  available  at  ScienceDirect 

Journal  of  Power  Sources 


ELSEVIER 


epage:  www.e 


m/locate/jpowsou  r 


In-situ  growth  of  graphene  decorations  for  high-performance  LiFePC>4 
cathode  through  solid-state  reaction 

Jing  Li,  Li  Zhang  ',  Longfei  Zhang,  Weiwei  Hao,  Haibo  Wang,  Qunting  Qu,  Honghe  Zheng* 

School  of  Energy,  Soochow  University,  Suzhou,  Jiangsu  215006,  PR  China 


& 


CrossMark 


HIGHLIGHTS 


■  Graphene-decorated  LiFePCU  is  in- 
situ  synthesized  through  solid-state 
reaction. 

i  Graphene  is  in-situ  grown  through 
pyrolysis  and  catalytic  graphitization 
of  glucose. 

i  Graphene  forms  a  compact,  uniform 
and  thin  coating  layer  throughout  the 
LFP  NPs. 

■  Graphene  cross-links  into  a  con¬ 
ducting  network  around  the  LFP  NPs. 

■  Electrochemical  performance  of 

LFP@graphene  is  remarkably 

improved. 
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Graphene-decorated  LiFeP04  composite  is  synthesized  for  the  first  time  through  in-situ  pyrolysis  and 
catalytic  graphitization,  in  which  glucose  and  a  trace  amount  of  FeSC>4  are  employed  as  the  graphene 
source  and  catalyst  precursor,  respectively.  Under  Ar/H2  (95:5)  atmosphere  at  750  °C,  FeS04  is  thermally 
reduced  to  Fe  nano-particles  (Fe  NPs)  and  glucose  is  pyrolyzed  to  carbon  fragments  first,  followed  by  the 
in-situ  growth  of  graphene  sheets  directly  on  the  LiFeP04  nano-particles  (LFP  NPs)  surface  through  the 
realignment  of  carbon  fragments  under  the  catalytic  effect  of  the  Fe  NPs.  The  graphene  sheets  not  only 
form  a  compact  and  uniform  coating  layer  throughout  the  LFP  NPs,  but  also  stretch  out  and  cross-link 
into  a  conducting  network  around  the  LFP  particles.  The  LiFeP04@graphene  composite  displays  a  high 
reversible  specific  capacity  of  167.7  mAh  g  1  at  0.1C  rate,  superb  rate  performance  with  discharge  ca¬ 
pacity  of  94.3  mAh  g"1  at  100C  rate  and  much  prolonged  cycle  life.  The  remarkable  electrochemical 
improvement  is  attributed  to  both  electric  and  ionic  conductivity  increase  as  a  result  of  in-situ  grown 
graphene  coatings  along  the  LFP  surface  and  the  graphene  network  intrinsically  connecting  to  the  LFP 
particles. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  olivine-structured  LiFePC>4  (LFP)  is  widely  accepted  as  a 
promising  cathode  candidate  used  in  lithium-ion  batteries  (LIBs) 
for  powering  electric  vehicles  (EVs)  and  plug-in  hybrid  electric 
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vehicles  (PFIEVs)  due  to  its  high  theoretical  capacity  (170  mAh  g"1), 
acceptable  operating  voltage  (3.4  V  vs.  Li+/Li),  good  safety,  low  cost 
and  toxicity  [1-9].  Flowever,  one  of  the  major  challenges  for  the 
commercialization  of  LFP  is  the  poor  high-rate  capability,  attributed 
to  its  intrinsically  low  electronic  conductivity  (10-9— 10_1°  s  cm"1) 
and  slow  ionic  diffusivity  ( ~  10"14  cm2  s"1)  [10—12],  Considerable 
efforts  have  been  made  to  overcome  the  electronic  and  ionic 
transport  limitations  of  LFP  by  reducing  the  particle  size,  [13—15] 
optimizing  the  morphology  [16,17],  decorating  the  surface  with 
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electrically  conducting  agents  [11,18—22]  and  doping  the  host 
framework  with  supervalent  cations  [23—25],  Among  these  stra¬ 
tegies,  a  combination  of  nano-sized  particles  and  carbon  coating  is 
considered  as  the  most  effective  route  to  improve  the  material 
utilization  and  rate  performance  of  LFP  cathode  [26—28],  Particle 
size  reduction  provides  both  a  shorter  diffusion  path  and  a  large 
surface  area  for  charge  carriers,  resulting  in  a  higher  ionic  diffusion 
constant.  Furthermore,  carbon  coating  not  only  enhances  the  sur¬ 
face  electrical  conductivity  and  thus  alleviating  the  electrode  po¬ 
larization,  but  also  prevents  the  iron  dissolution  and  migration  [29], 
All  these  factors  contribute  to  great  improvements  of  the  reversible 
capacity,  cycling  stability  and  rate  capability  [26,27], 

Although  carbon  coating  of  LFP  has  been  extensively  studied 
and  successfully  commercialized,  there  still  remain  several  funda¬ 
mental  and  technical  questions.  It  is  well  known  that  various  pa¬ 
rameters  of  carbon  coating  layer  including  carbon  content,  degree 
of  graphitization  and  morphology,  coating  thickness,  distribution 
(uniformity  and  coverage)  and  carbon  surface  area  can  significantly 
affect  the  electrochemical  performance  of  LFP  cathode  [26, 27, BO¬ 
SS],  Typically,  a  thin,  uniform  and  highly-graphitic  carbon  coating 
layer  throughout  the  LFP  nano-particles  (LFP  NPs)  is  regarded  as  the 
most  promising  coating  manner  for  LFP  cathode  with  high  elec¬ 
trochemical  performance  [26,27,34-36],  In  addition,  intrinsic 
interconnection  between  carbon  coating  layers  is  also  very  effective 
to  reduce  the  contact  resistance  between  active  material  particles. 
On  the  other  hand,  the  graphitic  carbon  coating  layer  needs  to  be 
very  thin  (1-3  nm)  to  allow  easy  and  rapid  penetration  of  Li+  ions 
[26,27],  Nevertheless,  developing  an  effective  approach  to  produce 
ultrathin  and  uniform  graphitic  carbon  coatings  is  very  challenging 
given  carbon  is  difficult  to  graphitize  at  relatively  low  temperatures 
required  for  synthesis  of  LFP  (600—800  °C)  [26,34—36], 

Recent  studies  have  introduced  graphene  as  a  two-dimensional 
(2D)  graphitic  carbon  nano-material  in  the  LFP  cathode  in  order  to 
produce  a  three-dimensional  (3D)  conducting  matrix  [37—47], 
However,  the  specific  capacity  and  rate  performance  of  LFP/gra- 
phene  composite  were  not  significantly  improved  compared  to  the 
amorphous  carbon  coated  LFP  [42,47],  The  main  reason  is  that  LFP 
particles  just  loosely  contact  with  the  graphene  frames.  When  the 
LFP  particles  were  tightly  anchored  onto  and  entirely  encapsulated 
into  highly  graphitized  graphene  sheets,  the  electrical  conductivity 
of  LFP  can  be  greatly  enhanced  at  the  expense  of  hindering  the 
quick  transport  of  the  Li+  ions  to  the  active  materials.  Several 
groups  have  proposed  a  coating  strategy  solution  by  combing  a 
complete  carbon  coating  layer  and  a  cross-linked  graphene  con¬ 
ducting  network  outside  the  LFP  particles.  The  graphene  network 
plays  a  key  role  in  providing  good  inter-particle  electrical  connec¬ 
tion  and  creating  available  voids  for  electrolyte  storage  and  Li+  ions 
transport  [37-39],  In  terms  of  the  graphene-based  composite 
materials,  chemically  exfoliated  graphene  oxide  (GO)  or  reduced 
graphene  oxide  (RGO)  sheets  are  so  far  the  preferred  choice 
[26,37—47],  This  choice  leads  to  two  major  technical  problems:  first, 
GO  and  RGO  need  to  be  specially  produced  prior  to  the  synthesis  of 
the  final  product;  second,  achieving  uniform  dispersion  (or  growth) 
of  LFP  or  carbon  coated  LFP  within  the  crumpled  micrometer-size 
graphene  sheets  is  difficult  or  almost  impossible  with  graphene 
sheets  and  LFP  produced  separately. 

To  overcome  the  shortcomings  in  the  composite  architecture 
and  preparation  technology  of  the  carbon-coated  LFP,  we  designed 
a  bottom— up  strategy  to  synthesize  a  graphene-decorated  LiFePC>4 
composite  (LFP@graphene)  through  an  in-situ  pyrolysis  and  cata¬ 
lytic  graphitization  process.  Glucose  and  a  trace  amount  of  FeS04 
were  employed  as  the  graphene  source  and  catalyst  precursors, 
respectively.  Linder  the  catalysis  of  thermally  reduced  iron  nano¬ 
particles  (Fe  NPs),  nanometer-size  graphene  sheets  were  in-situ 
grown  on  the  LFP  surface  through  the  realignment  of  carbon 


fragments  aroused  from  the  pyrolysis  of  glucose.  The  graphene 
sheets  not  only  form  a  compact  and  uniform  coating  layer  along  the 
LFP  surface,  but  also  stretch  out  and  cross-link  into  a  conducting 
network  around  the  LFP  particles.  Therefore,  the  electrochemical 
performance  of  the  mono-dispersed  quasi-hexahedral  LFP  NPs 
obtained  from  a  hydrothermal  process  is  remarkably  improved 
with  the  assistance  of  the  graphene  decorating.  To  the  best  of  our 
knowledge,  this  is  the  first  report  about  synthesizing  graphene 
decorations  for  cathode  materials  using  in-situ  technique  at  low 
synthesis  temperature.  This  low-cost  and  effective  graphene  sur¬ 
face  decorating  technique  can  be  applied  as  a  general  strategy  for 
more  electroactive  composite  materials  used  in  energy  storage 
devices. 

2.  Experimental 

2.1.  Synthesis  of  LFP  NPs  and  LFP@graphene  composite 

LFP  NPs  were  synthesized  through  an  optimized  hydrothermal 
method.  The  starting  materials  of  FeS04-7H20  (AR  grade),  H3PO4 
(85  wt%)  and  Li0H  H20  (AR  grade)  were  used  as  received.  First, 
0.25  mol  LiOH  ■  H20  and  0.083  mol  H3PO4  were  dissolved  into 
150  mL  de-ionized  water  under  magnetic  stirring.  Then,  0.83  mol 
FeS04  aqueous  solution  was  added  to  the  Li0H/H3P04  solution.  The 
molar  ratio  of  Li:Fe:P  was  kept  at  3:1:1.  After  stirring  for  30  min 
under  an  argon  gas,  the  resulting  mixture  was  transferred  into  a 
500-mL-capacity  Teflon-lined  stainless  steel  autoclave.  The  sealed 
autoclave  was  then  placed  into  a  200  °C  oven  for  10  h.  Subse¬ 
quently,  the  autoclave  was  cooled  down  to  room  temperature  and 
the  resulting  gray  white  precipitate  (LFP  powder)  was  filtered  with 
de-ionized  water  and  ethanol  several  times.  Finally,  the  obtained 
powder  was  dried  at  120  °C  in  vacuum  for  2  h. 

To  prepare  the  LFP@graphene  composite,  D-(+)-glucose 
(C6H1206  H20,  AR  grade)  and  FeS04-7H20  were  chosen  as  the 
carbon  source  and  the  catalyst  precursor,  respectively.  LFP  NPs 
(1.58  g)  were  firstly  mixed  with  FeS04-7H20  and  D-(+)-glucose, 
and  the  mole  ratio  between  LFP  and  FeS04  varied  from  50:1  to 
500:1  while  the  mass  ratio  between  LFP  and  carbon  contained  in 
glucose  was  kept  at  95:5.  After  careful  grinding,  100  mL  Milli-Q 
(Millipore)  water  was  put  into  the  mixture.  Under  vigorous  stir¬ 
ring,  the  mixture  was  heated  at  100  °C  till  the  water  was  completely 
evaporated.  The  dried  mixture  was  put  into  a  quartz  boat  and  then 
transferred  into  the  center  of  a  tube  furnace  with  the  protection  of 
Ar/H2  (95:5)  atmosphere.  The  furnace  was  heated  up  to  750  °C  at 
the  rate  of  5  °C  min-1  and  held  at  this  temperature  for  6  h.  After 
cooling  down  to  room  temperature,  the  as-prepared  composites 
were  used  as  the  cathode  material  without  further  purification.  As  a 
reference,  conventional  LFP@amorphous  carbon  (LFP@AC)  was 
synthesized  under  the  same  processing  conditions  in  the  absence 
of  FeS04-7H20  catalyst  precursor. 

2.2.  Structural  characterization 

The  percentage  (wt%)  of  carbon  (including  amorphous  carbon 
and  graphene)  in  the  as-prepared  composites  was  estimated  using 
a  high-precision  thermogravimetric  analysis  system  (TG/DTA  7300, 
S1I  Nano  Technology  Inc.,  Shanghai)  in  a  dry  flowing  air  environ¬ 
ment.  Morphologies  of  the  materials  were  observed  with  scanning 
electron  microscopy  (SEM)  using  a  Hitachi  S-4700  operated  at 
15  kV  accelerating  voltage.  Transmission  electron  microscopy 
(TEM)  micrographs  and  High-resolution  transmission  electron 
microscopy  (HRTEM)  micrographs  were  captured  on  the  JEM-2100 
instrument  at  an  acceleration  voltage  of  200  kV.  The  elemental  and 
structural  analysis  was  identified  by  X-ray  diffraction  (XRD,  PAN- 
alytical  X’Pert  PRO,  Ni-filtered  Cu  I<a  radiation,  Netherlands). 
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Fe  NPs  carbon  fragments  LFP@graphene  nano-composite 


Fig.  1.  A  schematic  drawing  (not  to  scale)  of  the  overall  preparation  of  the  LFP@gra- 
phene  composite  through  an  in-situ  solid-state  reaction. 


Raman  spectroscopy  measurements  (LabRam  HR800,  Jobin  Yvon, 
France)  were  carried  out  using  the  excitation  line  of  514  nm  from  an 
argon-ion  laser  with  10  s  exposure  time,  70  mW  power,  200  pm 
pinhole,  100  pm  slit  and  600  grating. 

2.3.  Electrochemical  measurements 

Working  electrodes  were  prepared  by  casting  slurries  contain¬ 
ing  active  materials  (LFP@graphene  or  LFP@AC  composites),  poly- 
vinylidene  fluoride  (PVDF)  binder  and  conductive  carbon  black 
(SUPER  P®,  TIMCAL  Graphite  &  Carbon)  onto  a  20  pm-thick 
aluminum  foil  (99.99%  purity).  The  slurry  was  prepared  by  mixing 
84%  active  material,  8%  PVDF  and  8%  conductive  carbon  black  in 
NMP  solvent.  All  the  laminates  were  controlled  to  have  an  active 
material  loading  of  ca.  3  mg  cirr2.  The  obtained  electrodes  were 
then  dried  at  120  °C  in  a  vacuum  oven  for  12  h  and  pressed  to 
enhance  the  adhesion  between  the  electrode  laminate  and  the  Al 
substrate.  Half  cells  were  assembled  in  an  Ar-filled  glove  box 
(<0.5  ppm  of  oxygen  and  water,  OMNI-LAB,  VAC)  using  commercial 
electrolyte  consisting  of  1  M  LiPF6  in  ethylene  carbonate/diethylene 
carbonate  (EC/DEC,  v/v  =  1 : 1 ).  Lithium  metal  foil  (99.9%  purity)  was 
utilized  as  the  counter  electrode  and  a  polypropylene  film  (Celgard 
2400)  was  used  as  the  separator.  Galvanostatic  charge— discharge 
cycling  was  performed  on  Maccor  S4000  (Maccor  Instruments, 


Fig.  2.  SEM  micrographs  of  (a)-(b)  as-prepared  LFP  NPs,  (c)-(d)  LFP@AC  composite,  (e)-(f)  LFP@graphene  composite. 
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USA)  between  2.0  V  and  4.2  V.  Charge  and  discharge  rates  were 
calculated  according  to  the  theoretical  capacity  of  the  LFP 
(170  mAh  g_1),  all  the  electrodes  were  charged  and  discharged  at 
the  same  rates  until  5C,  and  then  the  charge  rates  were  kept  at  5C 
and  the  discharge  rates  varied  from  10C  to  100C.  Cyclic  voltam¬ 
metry  (CV)  in  the  potential  window  of  2.5  V  and  4.2  V  at  a  rate  of 
0.1  mV  s-1  was  performed  on  an  Autolab  potentiostat 
(PGSTAT302N,  Autolab  Instruments,  Switzerland).  Electrochemical 
impedance  spectroscopy  (EIS)  was  measured  by  applying  an  alter¬ 
nating  voltage  of  5  mV  over  the  frequency  ranging  from  10-2  to 
10s  Hz.  All  impedance  measurements  were  carried  out  at  40%  DOD 
(depth  of  discharge)  after  the  rate  tests.  Prior  to  the  AC  impedance 
measurements,  the  cell  was  rested  for  at  least  3  h  to  attain  the 
condition  of  sufficiently  low  residual  current. 

3.  Results  and  discussion 

As  schematically  shown  in  Fig.  1,  the  overall  preparation  of  the 
LFP@graphene  composite  was  accomplished  through  an  in-situ 
solid-state  process.  As  described  in  the  experimental  section,  the 
dried  mixture  consisting  of  LFP  NPs,  glucose  and  FeSC>4  according  to 
different  mass  (or  mole)  ratios  was  transferred  into  the  center  of 
the  tube  furnace,  in  which  glucose  and  the  trace  amount  of  FeSC>4 
were  employed  as  the  carbon  source  (including  amorphous  carbon 
and  graphene)  and  catalyst  precursors,  respectively.  Subsequently, 
the  furnace  was  heated  up  to  750  °C  and  kept  for  6  h.  At  this  con¬ 
dition,  glucose  was  completely  pyrolyzed  into  carbon  fragments 
and  the  trace  of  FeS04  can  be  thermally  reduced  to  highly-ordered 
Fe  NPs  (shown  in  Fig.  1).  Under  the  catalysis  of  Fe  NPs,  nanometer- 
size  graphene  sheets  were  in-situ  grown  on  the  LFP  surface  through 
the  realignment  of  carbon  fragments,  and  such  graphene  sheets  not 
only  form  a  compact  and  uniform  coating  layer  throughout  the  LFP 
surface,  but  also  stretch  out  and  cross-link  into  a  conducting 
network  around  the  LFP  particles.  As  a  reference,  LFP@AC  com¬ 
posite  was  synthesized  under  the  same  processing  conditions  in 
the  absence  of  FeSC>4  catalyst  precursor. 

Fig.  2  displays  the  SEM  images  of  the  as-prepared  LFP  NPs  ob¬ 
tained  from  the  hydrothermal  process,  LFP@AC  and  LFP@graphene 
composites  at  different  magnifications.  Clearly,  the  as-prepared  LFP 
NPs  (shown  in  Fig.  2a  and  b)  were  mono-dispersed  nano-particles 
of  irregular  quasi-hexahedron  plates  with  a  length,  width  and 
thickness  of  400-600  nm,  200-300  nm  and  80-100  nm,  respec¬ 
tively.  It  is  generally  accepted  that  the  side  length  of  200-400  nm 
and  thickness  less  than  100  nm  are  the  optimal  particle  size  for  LFP 
material  with  high  electrochemical  performance  [26,48],  Therefore, 
this  would  suggest,  our  hydrothermal  sample  is  ideal  in  terms  of 
dimensionality. 

XRD  pattern  and  Raman  spectrum  of  the  pristine  LFP  NPs  are 
shown  in  Fig.  3a  and  b.  As  illustrated  in  Fig.  3a,  the  obtained  pattern 
of  LFP  NPs  shows  well-crystallized  diffraction  peaks  indexed  to 
orthorhombic  olivine  LiFeP04  (JCPDS  No.  40-1499).  No  noticeable 
diffraction  peaks  associated  with  impurities  (Fe203,  Li3P04,  Fe2P), 
typically  reported  in  literature  [49,50],  are  perceived  in  these 
samples,  reflecting  the  high  purity  of  the  as-prepared  LFP  NPs. 
Raman  spectrum  of  the  LFP  NPs  shown  in  Fig.  3b  confirms  the 
structural  information  measured  by  XRD.  Bands  at  100-500  and 
520-1120  cm  1  correspond  to  the  Raman  vibrations  of  Fe-0  and 
POl-  in  LiFePC>4,  respectively  [39,51—53], 

Fig.  2c  and  d  present  the  SEM  micrographs  of  the  LFP@AC 
composite.  It  is  seen  that  the  original  shape  and  size  of  the  LFP  NPs 
are  well  maintained  after  annealing  and  carbon  coating  processes, 
except  that  the  edges  and  corners  become  much  sleeker.  XRD 
pattern  of  the  LFP@AC  composite  was  presented  in  Fig.  3a,  in  which 
no  typical  diffraction  peaks  associated  with  carbonaceous  materials 
are  observed.  This  implies  that  the  pyrolytic  carbon  is  rather 


Fig.  3.  (a)  XRD  patterns  and  (b)  Raman  spectra  of  the  LFP  NPs,  LFP@AC  and 
LFP@graphene  composites. 

amorphous  or  its  typical  peaks  are  eclipsed  by  the  strong  LFP  peaks 
due  to  the  small  content  of  carbon  involved.  Raman  spectrum  of 
LFP@AC  can  provide  more  information  about  the  carbon  coating 
layer,  as  shown  in  Fig.  3b,  disorder-induced  D  band  and  the 
graphitic  G  band  are  observed  at  ~1598  and  ~1353  cm-1, 
respectively  [37,39,54,55],  The  high  ID/IC  value  of  1.18  indicates  a 
low  extent  of  graphitic  carbon  and  a  high  concentration  of  defects. 
These  results  further  confirm  that  the  carbon  coating  layer  in  the 
LFP@AC  composite  is  mainly  amorphous  carbon  [26,27,37,39], 

LFP@graphene  composite  was  synthesized  through  in-situ  py¬ 
rolysis  and  catalytic  graphitization  of  glucose  under  the  existence  of 
highly  dispersed  Fe  NPs.  In  order  to  explore  the  optimum  catalyst 
content  for  graphene  growth  on  the  LFP  surface,  the  mole  ratios  of 
LFP/FeS04  were  chosen  at  50:1,  100:1,  200:1  and  500:1.  Fig.  SI 
(Supporting  information)  provides  the  SEM  images  of  the  as- 
prepared  carbon-coated  LFP  at  different  LFP/FeSC>4  ratios.  Clearly, 
the  carbon  morphology  is  strongly  affected  by  the  FeS04  additive 
content.  As  illustrated  in  Fig.  SI,  graphene  network  is  only  developed 
around  the  LFP  NPs  at  a  LFP/FeS04  molar  ratio  of  200:1.  This  is 
because  the  size  and  distribution  of  catalyst  cluster  are  crucial  to  the 
carbon  material  growth  (e.g.  carbon  nanotube  and  graphene)  [56— 
60],  At  low  FeS04  concentration,  the  amount  of  the  reduced  Fe  NPs 
is  insufficient  to  catalyze  the  graphene  growth  (as  shown  in  Fig.  Sid). 
When  the  FeS04  additive  content  is  too  high,  the  size  of  the  thermally 
reduced  Fe  NPs  may  be  too  large  to  catalyze  the  growth  of  graphene 
[56—60],  Therefore,  a  mole  ratio  of 200:1  between  the  LFP  and  FeS04 
is  the  optimum  catalyst  content  for  in-situ  growth  of  graphene. 

SEM  images  of  the  representative  LFP@graphene  composite  at 
different  magnifications  are  shown  in  Fig.  2e  and  f.  The  nano-sized 
folding  silk-like  graphene  sheets  with  fine  transparent  features  are 
grown  on  the  LFP  surface.  The  micrographs  suggest  the  graphene 
sheets  cross-link  into  a  conducting  network  connecting  the  LFP 
particles.  As  shown  in  Fig.  3a,  just  like  the  LFP@AC  composite,  no 
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typical  diffraction  peaks  associated  with  carbonaceous  materials 
are  observed.  However,  Raman  spectrum  (Fig.  3b)  shows  an  /d//g 
value  of  0.89,  which  is  considerably  lower  than  the  1.18  for  LFP@AC 
composite  synthesized  in  the  absence  of  Fe  catalyst  [26,27,37,39]. 
The  higher  graphitization  degree  of  the  carbon  coating  layer  for  the 
LFP@graphene  composite  confirms  that  Fe  NPs  effectively  pro¬ 
motes  the  growth  of  graphitic  carbon  during  the  pyrolysis  and 
graphitization  processes. 

TEM  images  can  provide  more  precise  information  about  the 
structure,  morphology  and  distribution  of  the  carbon-decorated 
LFP  composites.  Fig.  4a  and  b  shows  the  representative  TEM  and 
HRTEM  images  for  the  LFP@AC  composite.  As  seen  in  Fig.  4a,  each 
individual  LFP@AC  particle  possesses  a  core/shell  structure  with  an 


integral  but  non-uniform  amorphous  carbon  shell  (red  arrow  (in 
the  web  version)).  HRTEM  image  shown  in  Fig.  4b  confirms  that  the 
carbon  coating  layer  is  amorphous  as  no  typical  graphitic  layer  is 
observed.  It  should  be  noted  that  the  carbon  layer  is  not  quite 
uniform,  and  it  is  thin  in  some  regions  ( ca .  4.9  nm)  and  thick  in 
other  places  (ca.  10.9  nm),  indicating  random  and  irregular  growth 
of  the  amorphous  carbon  layer. 

Fig.  4c— e  display  the  representative  TEM  and  HRTEM  images  of 
the  LFP@graphene  composite.  Loose  and  cross-linked  graphene 
network  is  successfully  formed  and  effectively  surrounds  and 
intrinsically  connects  the  LFP  particles.  The  regular  in-plane  lattice 
(inset  in  Fig.  4c)  indicates  that  in-situ  growing  graphene  sheets 
around  LFP  are  highly  graphitic.  Fig.  4d  presents  the  HRTEM  image 


Fig.  4.  TEM  and  HRTEM  images  of  (a)-(b)  LFP@AC  composite,  (c)-(e)  LFP@graphene  composite  and  (f)  the  edge  of  the  in-situ  growing  graphene  sheets. 
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of  a  typical  LFP/graphene  shell  interface.  It  is  clear  that  the  gra¬ 
phene  layer  is  grown  along  the  LFP  particle  surface  and  is  intrin¬ 
sically  combined  with  the  LFP  phase.  The  crystal  lattice  fringes  of 
the  LFP  with  the  d-spacing  of  0.598  and  0.426  nm  are  indexed  to  the 
(100)  and  (Oil)  crystal  planes  of  the  orthorhombic  LFP  [40],  The 
graphene  coating  layer  is  very  thin  and  uniform  with  an  average 
thickness  of  ca.  2.5  nm  (i.e.  8  layers).  The  crystal  lattice  fringes 
(shown  in  Fig.  4d  and  the  inset)  with  an  inter-planar  spacing  of  ca. 
0.34  nm  corresponds  to  the  d-spacing  of  (002)  crystal  plane 
(0.335  nm)  of  a  typical  graphite  [54],  Fig.  4e  provides  the  detailed 
information  on  the  spreading  of  graphene  sheet  (red  circle).  Clearly, 
the  graphene  sheet  is  stretched  out  from  the  surface  of  the  compact 
graphene  shell,  suggesting  the  pyrolytic  carbon  fragments  tend  to 
form  the  graphene  “branches”  after  LFP  particles  are  fully  covered 
with  a  uniform  graphene  “skin”,  thus  constructing  a  conducting 
network.  Fig.  4f  displays  the  HRTEM  image  of  the  graphene  sheet 
edge.  It  shows  that  the  in-situ  growing  graphene  sheets  are 
composed  of  8-9  layers,  suggesting  that  the  structure  of  the  gra¬ 
phene  sheets  connecting  the  LFP  NPs  is  consistent  with  that  of  the 
graphene  shell  throughout  the  LFP  surface. 

Carbon  content  of  the  LFP@AC  and  LFP@graphene  composites 
was  estimated  by  the  thermogravimetric  (TGA)  technique  and  the 
results  are  shown  in  Fig.  S2  (Supporting  information).  Theoretically, 
the  oxidation  of  pure  LFP  phase  to  LhFe2  (P04)3  and  Fe203  results  in 
a  weight  gain  of  5.07  wt%  during  annealing  in  air  [40],  From  the  TGA 
curves,  the  total  weight  increment  of  the  LFP@AC  and  LFP@gra- 
phene  composites  is  3.02  and  2.92  wt%,  respectively.  Carbon  con¬ 
tent  of  the  LFP@AC  and  LFP@graphene  composites  is  therefore 
calculated  to  be  2.05  (5.07  -  3.02)  and  2.15  wt%  (5.07  -  2.92), 
respectively.  Neglecting  the  additional  tiny  weight  change  from 
oxidation  of  the  trace  Fe  to  Fe2C>3  for  the  LFP@graphene  composite, 
the  carbon  content  of  the  two  composites  is  comparable.  Therefore, 
the  effect  of  different  carbon  content  on  the  electrochemical  per¬ 
formance  of  LFP  is  ruled  out. 

Electrochemical  behavior  of  the  LFP@graphene  composite  was 
studied  by  comparison  with  the  conventional  LFP@AC  material.  CV 
plots  of  LFP@AC  and  LFP@graphene  materials  are  shown  in  Fig.  5a. 
Both  the  two  materials  showed  a  pair  of  redox  peaks  at  around  3.56 
and  3.28  V,  corresponding  to  the  redox  process  between  Fe3+  and 
Fe2+  [38—40],  By  comparison,  CV  plot  of  the  LFP@graphene  mate¬ 
rial  exhibited  a  more  symmetrical  and  poignant  shape  of  the 
anodic/cathodic  peaks.  The  peak  separation  for  the  LFP@graphene 
electrode  was  ca.  0.225  V,  which  was  approximately  68  mV  smaller 
than  the  ca.  0.293  V  for  the  LFP@AC  electrode.  It  illustrates  an  easy 
kinetic  process  for  Li  ion  insertion  and  extraction  into  and  from  the 
LFP@graphene  material.  In  addition,  the  higher  peak  current  of 
both  the  anodic  and  cathodic  peaks  for  the  LFP@graphene  electrode 
indicates  a  higher  electrochemical  reactivity  of  the  material. 


Fig.  5b  compares  the  first  charge— discharge  profiles  of  the 
LFP@AC  and  LFP@graphene  materials  at  0.1C  (1C  =  170  mAh  g_1). 
The  typical  flat  potential  plateau  at  3.4  V  (versus  Li+/Li)  is  associated 
with  the  Fe3+  and  Fe2+  redox  process  [7,26,37,39,40,61],  The 
LFP@graphene  electrode  delivered  a  discharge  capacity  of  ca. 
167.7  mAh  g-1,  which  accounts  for  98.65%  of  the  theoretical  capacity, 
revealing  a  high  utility  of  the  active  materials.  By  contrast,  the 
discharge  capacity  for  the  LFP@AC  electrode  is  only  153  mAh  g_1  (ca. 
90%  of  the  theoretical  capacity).  Furthermore,  the  polarization 
evaluated  from  the  difference  between  the  charge  and  discharge 
plateaus  was  49.6  and  98.6  mV  for  the  LFP@graphene  and  LFP@AC 
electrodes,  respectively,  indicating  an  easy  kinetic  process  for  the 
LFP@graphene  composite.  The  superior  Li  storage  performance  can 
be  attributed  to  the  high  electronic  conductivity  and  ionic  diffusivity 
of  the  LFP@graphene  composite  due  to  the  full  coverage  and  intrinsic 
connection  between  the  graphene  layer  and  LFP  NPs.  Also,  the  highly 
conducting  graphene  network  contributes  a  lot  to  the  total  electronic 
conductivity,  especially  the  electron  transfer  between  LFP  NPs. 

High  power  of  LFP  electrode  without  an  undue  sacrifice  in  energy 
density  is  always  an  important  goal  for  the  material  synthesis  and 
optimizations.  Rate  performance  of  the  LFP@AC  and  LFP@graphene 
electrodes  was  investigated  and  the  results  are  provided  in  Fig.  6a 
(Rate  performance  of  the  carbon-coated  or  graphene-decorated  LFP 
samples  prepared  at  different  LFP/FeSCU  ratios  from  50  to  500  is 
presented  and  discussed  in  Fig.  S3  in  the  Supporting  information).  It 
should  be  noted  that  the  electrodes  were  charged  and  discharged  at 
the  same  rates  until  5C,  and  then  the  charge  rates  were  kept  at  5C 
and  the  discharge  rates  varied  from  10C  to  100C.  Obviously,  the 
LFP@graphene  electrode  exhibited  a  much  improved  rate  capability. 
It  was  able  to  deliver  a  discharge  capacity  of  152.2  mAh  g-1  at  10C, 
118.1  mAh  g-1  at  50C  and  94.3  mAh  g-1  at  100C.  By  contrast,  the 
LFP@AC  electrode  exhibited  137.6, 112.7,  and  61.4  mAh  g'  at  10,  50 
and  100C,  respectively.  Discharge  curves  of  the  LFP@AC  and 
LFP@graphene  electrodes  at  different  rates  are  shown  in  Fig.  6b. 
With  the  increase  of  discharge  rates,  the  lowering  trend  of  discharge 
curves  is  due  to  the  polarization  induced  by  the  internal  resistance  of 
the  electrode.  It  is  clear  that  the  onset  discharge  plateau  for  the 
LFP@AC  electrode  at  50,  80  and  100C  was  lowered  to  2.80,  2.51,  and 
2.27  V,  respectively,  very  close  to  the  cut-off  voltage  of  2.0  V.  By 
contrast,  the  onset  discharge  plateau  for  the  LFP@graphene  elec¬ 
trode  at  50,  80  and  100C  was  maintained  at  3.15,  3.02  and  2.92  V, 
respectively.  The  comparison  shows  that  the  higher  capacity  loss  of 
the  LFP@AC  electrode  at  high  rate  is  mainly  coming  from  the  high 
internal  resistance  of  the  electrode  and  the  resistance  is  consider¬ 
ably  reduced  by  in-situ  growing  graphene  decorations  for  the 
LFP@graphene  electrode  [62], 

To  further  explain  the  electrochemical  behavior  of  the  LFP@AC 
and  LFP@graphene  electrodes,  the  electrochemical  kinetic 


Fig.  5.  (a)  CV  i 


and  (b)  first  galvanostatic  charge-discharge  profiles  of  the  LFP@AC  and  LFP@graphene  electrodes. 
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performance  of  the  two  cathodes  was  analyzed  with  the  EIS  mea¬ 
surements.  Fig.  6c  shows  the  Nyquist  plots  of  the  LFP@AC  and 
LFP@graphene  electrodes  measured  at  40%  DOD.  Each  spectrum 
consists  of  two  semi-circles  and  a  slope.  Previous  studies  have 
associated  the  high-to-mid-frequency  semicircle  with  the  surface 
film  or  solid  electrolyte  interphase  (SEI)  film  formed  on  the  cathode 
[63,64],  According  to  our  understanding,  it  is  more  likely  to  be 
related  to  the  particle-to-particle  interfacial  contact  resistance  given 
the  semicircle  is  greatly  affected  by  the  physical  properties  including 
chemical  composition,  electronic  conductivity  and  electrode 
porosity  [65,66],  The  semicircle  in  the  mid-to-low-frequency  range, 
referred  to  be  a  measure  of  the  charge-transfer  resistance  at  the 
electrolyte/electrode  interface  [67,68],  The  slope  line  at  the  lowest 
frequencies  is  attributed  to  the  diffusion  of  lithium  ions  within  the 
electrode  [65—68],  As  seen  in  Fig.  6c,  a  very  small  high-to-mid- 
frequency  semicircle  for  the  LFP@graphene  electrode  implies  the 
low  contact  resistance  (31.2  Q)  between  active  material  particles.  As 
for  the  LFP@AC  electrode,  the  contact  resistance  is  calculated  to  be 
53.5  Q.  These  results  are  in  good  agreement  with  the  difference  in 
the  rate  performance  of  the  two  electrodes  exhibited  in  Fig.  6a. 

To  examine  the  diffusion  kinetics  of  lithium  ions  in  the  LPF@AC 
and  LFP@graphene  composites,  we  further  calculate  the  Li  ion 
diffusion  coefficient  (D)  from  the  slope  line  at  the  lowest  frequency 
according  to  the  following  relation  [30]: 

D  -  (R2T2)l(2A2n4F4C2a2)  (1) 

where  n  is  electron  number  for  each  molecule  during  Li+  ion 
insertion,  A  is  the  surface  area  of  the  cathode,  F  is  the  Faraday 
constant,  C  is  Li+  ion  concentration,  and  a  is  the  Warburg  factor,  a  is 
related  with  Z!  as: 


ZA'  00  CTW-1/2  (2) 

In  which  Z!  represents  the  real  part  of  the  resistance  in  the  low- 
frequency  region  and  w  is  the  corresponding  frequency.  The  rela¬ 
tionship  between  Z!  and  the  square  root  of  frequency  in  the  low- 
frequency  region  is  shown  in  the  inset  plot  of  Fig.  6c.  From  this 
plot,  Li+  ion  diffusion  coefficients  (D)  are  calculated  to  be 
1.5  x  10-14  and  6.0  x  10-14  cm2  s_1  for  the  LPF@AC  and  LFP@gra- 
phene  electrodes,  respectively,  indicating  that  Li  ion  diffusion  in  the 
LFP@graphene  composite  is  much  faster  than  in  the  LFP@AC  com¬ 
posite.  This  further  confirms  that  the  in-situ  growing  ultra-thin 
graphene  coating  layer  and  the  cellular  graphene  network  is 
helpful  to  the  rapid  Li  ion  transport. 

Fig.  6d  provides  the  cycling  performance  of  the  LFP@AC  and 
LFP@graphene  electrodes  at  1 C  charge  and  1 C  discharge  rates.  After 
300  charge— discharge  cycles,  the  LFP@AC  electrode  retained  a 
discharge  capacity  of  104.5  mAh  g  \  corresponding  to  the  capacity 
retention  of  71.2%.  Meanwhile,  the  LFP@graphene  electrode 
retained  discharge  capacities  of  152.2  and  145.5  mAh  g-1  after  300 
and  550  cycles  (Fig.  S4  in  the  Supporting  information),  corre¬ 
sponding  to  capacity  retentions  of  94.8%  and  90.7%,  respectively.  In 
addition,  cycling  performance  of  the  LFP@graphene  electrode  at 
20C  charge  and  20C  discharge  rates  is  also  provided  in  Fig.  S5 
(Supporting  information),  which  retains  a  discharge  capacity  of 
78.8  mAh  g-1  after  200  cycles  corresponding  to  capacity  retention 
of  87.1%,  suggesting  a  stable  cycling  capability  at  high  charge/ 
discharge  rates. 

It  should  be  noted  that  most  of  nano-LFP  material  prepared 
through  wet  methods  shows  poor  cycling  performance  due  to  the 
interaction  between  the  nano-particles  and  the  electrolyte.  The 
cycling  stability  improvement  by  in-situ  growing  graphene  coatings 
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can  be  attributed  to  the  very  uniform  graphitic  carbon  coating  layer 
which  effectively  suppress  the  interaction  between  the  LFP  and  the 
electrolyte.  By  the  way,  it’s  worth  mentioning  that  the  trace  of  Fe 
NPs  didn’t  show  any  negative  effect  on  the  electrochemical 
behavior  of  the  LFP@graphene  electrode.  This  may  be  because  that 
the  very  small  amount  of  Fe  particles  is  entirely  encapsulated 
during  the  graphene  growth  and  is  separated  from  the  electrolyte. 


4.  Conclusion 


In  this  work,  a  graphene-decorated  LFP  composite  was  synthe¬ 
sized  through  in-situ  pyrolysis  and  catalytic  graphitization.  At  a 
molar  ratio  of  LFP/FeS04  200:1,  the  reduced  Fe  NPs  can  catalyze  the 
growth  of  graphene  sheets  on  the  LFP  surface  through  the 
realignment  of  carbon  fragments  aroused  from  pyrolysis  of  glucose 
under  Ar/H2  (95:5)  at  750  °C.  The  in-situ  growing  graphene  sheet 
contains  8—9  layers  and  has  an  average  thickness  of  about  2.5  nm.  It 
can  not  only  form  a  compact  and  uniform  coating  layer  along  the 
LFP  surface,  but  also  stretch  out  and  cross-link  into  a  conducting 
network  around  the  LFP  particles.  This  graphene-decorating 
structure  contributes  to  a  remarkable  improvement  of  the  elec¬ 
trical  conductivity  and  the  unenclosed  cellular  graphene  network 
allows  the  rapid  Li  ion  transport.  The  LFP@graphene  composite 
attained  a  high  reversible  capacity  of  167.7  mAh  g-1  at  0.1  C,  superb 
rate  performance  and  prolonged  cycle  life.  This  low-cost  and 
effective  surface  decorating  strategy  may  provide  a  broadly  appli¬ 
cable  route  for  more  electroactive  materials  used  in  energy  storage 
devices. 
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